Carbon is able to make chemical bonds with nearly all elements in the periodic table, including itself. It can adopt three types of hybridisation, *sp*, *sp*^2^ and *sp*^3^. These types of hybridisation result in the formation of carbon geometries with linear, trigonal planar and tetrahedral shapes, respectively. Among hybridised carbons, *sp*^3^ carbons form σ bonds with electrons that are primarily confined to the vicinity of the carbons, whereas *sp* and *sp*^2^ carbons form conjugated π bonds with delocalised electrons. This versatile bonding ability makes carbon the key building atom for organic compounds, which are the basis of not only life but also modern organic electronics.

The first characterised carbon allotrope consisting of *sp*^2^ carbon is graphite. Graphite has a planar, multi-layered structure, with each layer consisting of *sp*^2^ carbons arranged in a hexagonal lattice. It exists abundantly in nature and has a variety of uses, e.g., as pencil lead, lubricants and anodes in battery technologies. Polyacetylene is a stable organic polymer with repeating *sp*^2^ carbon dimers (HC = CH) along the polymer chain that is electrically semi-conductive. After functional doping, the conductivity of polyacetylene can be strikingly increased[@b1], and therefore this polymer is well known as an "electrically conductive plastic". In addition to graphite and polyacetylene, *sp*^2^ carbon atoms are found in polycyclic aromatic hydrocarbons (PAHs)[@b2], which are two-dimensional organic π-systems with sizes ranging from several to several tens of nanometers. PAHs have served as important models for molecular orbital theory and spectroscopy and also have potential applications in organic electronics. Experimental observations of fullerenes in 1985[@b3], carbon nanotubes (CNTs) in 1991[@b4] and graphene in 2004[@b5] spurred renewed interest in *sp*^2^ carbon materials. Because of their unprecedented structures, electronic properties and versatility in applications, fullerenes, CNTs and graphene have attracted intense and sustained interest in multidisciplinary fields in recent decades.

These *sp*^2^ carbon materials have a common feature: with the exception of polyacetylene, these materials have molecular surfaces that consist almost entirely of *sp*^2^ carbon atoms forming extended π-electron conjugation systems, which provide the foundation for their intriguing electronic properties. Chemical functionalisation of these materials is usually necessary prior to practical use. For example, the solubility of *sp*^2^ carbon materials must be increased to permit their use in biological systems. Depending on their structural composition, *sp*^2^ carbon materials can be functionalised via chemical addition reactions in which the carbon atoms are converted from *sp*^2^ to *sp*^3^ hybrids to bond with the chemical groups being added. Such addition reactions unavoidably disrupt the extended π-conjugation system ([Figure 1a](#f1){ref-type="fig"}). The deterioration of π-conjugation can severely damage the electronic performance, which is based on the conjugated system. For example, after solubilisation via oxidation reactions, the electrical conductivity of CNTs and graphene may be reduced by more than a thousandfold. Furthermore, addition reactions on *sp*^2^ materials such as graphene usually proceed in an aggregate manner, making the functionalisation process difficult to control.

In this work, we propose a new type of two-dimensional carbon compound (2DCC, [Figure 1b](#f1){ref-type="fig"}). 2DCCs have large extended π-conjugation systems and electronic properties similar to those of graphene. Unlike graphene, they may have intrinsic components suitable for chemical substitution reactions (*e.g.*, the H and OH groups in **III** and **IV** are substitutable, [Figure 1b](#f1){ref-type="fig"}). Consequently, 2DCCs can be functionalised through chemical substitution rather than addition, therefore eliminating the loss of π-conjugation. Structurally, these 2DCCs can be viewed as derivatives of graphyne, a known 2D carbon sheet consisting of *sp* and *sp*^2^ carbon atoms[@b6][@b7][@b8]. By considering both thermodynamic and kinetic aspects, we computationally studied addition and multiple addition reactions of graphyne. For the first time, we found that graphyne favours homogeneous "in-plane" addition reactions, which can lead to the formation of 2DCCs. The resulting 2DCCs can be semi-conductive or metallic depending on whether the additions break the hexagonal symmetry. After functionalisation via chemical substitution reactions, these 2DCCs retain electronic band structures near the Fermi level. For example, 2DCC **IV** ([Figure 1b](#f1){ref-type="fig"}) is expected to exhibit considerable electric conductivity and aqueous solubility simultaneously, making it suitable for use in biological systems and under other aqueous conditions. This simultaneous electric conductivity and aqueous solubility is a new feature not shared by conventional *sp*^2^ carbon materials. The results suggest that 2DCCs are a conceptually new family of carbon materials that have physical properties comparable to those of graphene and chemical properties superior to those of graphene. Therefore, 2DCCs are expected to be better suited to chemical tailoring and applications.

Results
=======

Homogeneous "in-plane" reactivity
---------------------------------

2DCCs can be regarded as derivatives of graphyne, a 2D material consisting of *sp* and *sp*^2^ carbon atoms[@b6]. Although the structural and electronic properties of graphyne have been extensively studied experimentally and theoretically[@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16], only a few studies have been devoted to its chemical properties[@b17]. Therefore, we first studied the reactivity of graphyne to explore the feasibility of deriving 2DCCs from this material. The *sp* and *sp*^2^ carbons of graphyne can form three types of carbon-carbon bonds: *sp*-*sp*, *sp*-*sp*^2^ and *sp*^2^-*sp*^2^. All of these bond types can be found in β-graphyne ([Figure 2a](#f2){ref-type="fig"}). Therefore, we first focused on β-graphyne in the reactivity study. For simplicity and without loss of generality, the epoxidation reaction of β-graphyne was considered first.

The addition of one oxygen atom into a unit cell of β-graphyne may yield four possible atomic arrangements. [Figures 2b and 2c](#f2){ref-type="fig"} show configurations with oxygen added to the carbon triple bond (*sp*-*sp*), while [Figures 2d and 2e](#f2){ref-type="fig"} show those with oxygen added to the *sp*-*sp*^2^ and *sp*^2^-*sp*^2^ bonds, respectively. The epoxidation of the *sp*-*sp*^2^ and *sp*^2^-*sp*^2^ bonds gives "*on-top*" products, with oxygen protruding upwards from the basal plane of graphyne ([Figures 2d and 2e](#f2){ref-type="fig"}). This "on-top" configuration is characteristic of addition products of *sp*^2^ carbon materials and has previously been reported for fullerenes[@b18], carbon nanotubes[@b19] and graphene[@b20]. In sharp contrast, the epoxidation of *sp*-*sp* bonds yields amazing "*in-plane*" products in which the oxygen lies within the basal plane of graphyne ([Figures 2b and 2c](#f2){ref-type="fig"}). This "in-plane" configuration perfectly maintains the planarity of pristine graphyne. Interestingly, the "in-plane" configuration shown in [Figure 2b](#f2){ref-type="fig"} is thermodynamically more stable than the "on-top" configurations: (b) is lower in energy than (d) and (e) by 15.4 and 21.2 kcal·mol^−1^ per unit cell, respectively. The "in-plane" structure of (c) is thermodynamically less stable than that of (b) by 15.7 kcal·mol^−1^. Obviously, the lower stability of (c) relative to (b) can be ascribed to that the additional oxygen in (c) is located in a 12-membered ring (12-MR), whereas the oxygen in (b) is in an 18-membered ring (18-MR). Therefore, (c) is more sterically hindered than (b). The "on-top" configuration (e) is less stable than the "on-top" configuration (d) by 5.8 kcal·mol^−1^. This result is in agreement with the fact that (d) is produced by addition to the *sp*-*sp*^2^ carbon bond of graphyne, which is more chemically "unsaturated" than the *sp*^2^-*sp*^2^ bond, the addition site for (e).

The thermodynamic selectivity for addition to various bonds is in accordance with the bond lengths. The lengths of the *sp*-*sp*, *sp*-*sp*^2^ and *sp*^2^-*sp*^2^ bonds in β-graphyne are calculated to be 1.23, 1.39 and 1.46 Å, respectively ([Figure 2a](#f2){ref-type="fig"}). For these bonds, a shorter bond length indicates a greater degree of chemical unsaturation, and consequently, greater reactivity. Reactions occurring at the shortest *sp*-*sp* bonds thus release the most energy and result in the most thermodynamically stable adducts. The right panel of [Figure 2a](#f2){ref-type="fig"} shows the unhybridised *p~y~* and *p~z~* orbitals for representative carbons of β-graphyne. All *p~y~* orbitals are orthogonal to *p*~z~ orbitals. The *p~z~* orbitals are perpendicular to the basal plane of graphyne, are distributed on all carbons and contribute to the extended π-electron conjugation system; the *p~y~* orbitals lie in the basal plane of graphyne and are distributed only on *sp* carbons. During the "in-plane" additions, the adatoms react only with the *p~y~* orbitals of *sp* carbons, resulting in little change to the orthogonal *p~z~* orbitals and the extended π-electron conjugation. Therefore, "in-plane" reactions provide a unique approach to the covalent functionalisation of graphyne while simultaneously maintaining electronic properties near the Fermi level. This behaviour is in sharp contrast to that of conventional *sp*^2^ carbon materials such as fullerenes, carbon nanotubes and graphene, for which any covalent functionalisation severely changes their electronic properties.

We further studied the kinetic selectivity of the three different carbon-carbon bonds of graphyne by investigating their reactions with dichlorocarbene (CCl~2~), a reactive species that has been previously used for the functionalisation of fullerenes and carbon nanotubes[@b21][@b22]. Similar to oxygenation ([Figures 2b--2d](#f2){ref-type="fig"}), four sites in β-graphyne are able to form unique products with CCl~2~. These sites are labelled **1** through **4** in the cluster model of graphyne (insert of [Figure 3](#f3){ref-type="fig"}). The corresponding products are denoted as **p1** through **p4**. Since the solvent effect and biradical character were found to have slight influences on the reaction barriers and thermodynamics for dichlorocarbene additions ([Fig. S1](#s1){ref-type="supplementary-material"} and [Table S1](#s1){ref-type="supplementary-material"} of [Supplementary Information](#s1){ref-type="supplementary-material"}), we will focus on the reaction pathways in the gas phase in the following discussion. As shown in [Figure 3](#f3){ref-type="fig"}, **p1**, in which the CCl~2~ group is added to site **1** (*i.e.*, the *sp*-*sp* bond) and located in the 18-MR side, has the greatest exothermicity, with a reaction energy (*E*~r~) of −56.2 kcal·mol^−1^. The *E*~r~ values of **p2**, **p3** and **p4** are approximately 18.0, −35.8 and −39.8 kcal·mol^−1^, respectively. The thermodynamic preference of CCl~2~ for reacting with the *sp*-*sp* bond from the 18-MR side was confirmed by extended-model calculations with periodic boundary conditions ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}), in good agreement with the above results for graphyne oxygenation. The *E*~r~ of 18.0 kcal·mol^−1^ for **p2** suggests that the formation of **p2** is not thermodynamically favoured. This thermodynamic unfavourability can be ascribed to the high steric repulsion encountered when inserting a CCl~2~ group into a small 12-MR.

According to [Figure 3](#f3){ref-type="fig"}, the most convenient pathway to **p1** corresponds to a stepwise mechanism. In the first step, CCl~2~ approaches the *sp*-*sp* bond to form intermediate **int1** via transition state **ts1**. The activation energy (*E*^≠^) of this step is 6.5 kcal·mol^−1^. In **int1**, the CCl~2~ moiety is nearly perpendicular to the graphyne plane. In the second step, the CCl~2~ of **int1** rotates to lie in the 18-MR to form **p1** with an activation energy of 3.2 kcal·mol^−1^. The small *E*^≠^ of both steps suggests that the formation of **p1** via the reaction of CCl~2~ and graphyne is very facile. [Figure 3](#f3){ref-type="fig"} also shows the reaction paths for **p3** and **p4**: **p4** is linked to **p3** via **ts3**, with *E*^≠^ = 26.8 kcal·mol^−1^; **p3** is linked to **int1** via **ts4**, with *E*^≠^ = 11.2 kcal·mol^−1^. Thus, **p3** and **p4**, if formed, will readily transform into **p1** upon thermal annealing. Hence, the formation of **p1** is uniquely favoured with respect to both thermodynamic and kinetic aspects, suggesting that the *sp*-*sp* bond of β-graphyne is highly regioselective in chemical reactions. A similarly high regioselectivity is also observed for the *sp*-*sp* bond of α-graphyne ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}).

Another important issue regarding graphyne reactivity is its regioselectivity in multiple addition reactions. Reportedly, *sp*^2^ carbon materials (fullerenes, carbon nanotubes and graphene) thermodynamically favour an inhomogeneous mode of multiple additions in which chemical groups tend to be added aggregately so as to destroy fewer π-bonds and maintain a larger π-conjugated area[@b23][@b24]. Such inhomogeneous additions yield products consisting of separated areas of *sp*^2^ and *sp*^3^ carbons. Because the "in-plane" addition reactions of graphyne cause no damage to the π-electron conjugation system, the inhomogeneous mode should not predominate for graphyne.

Indeed, we observed that graphyne tends to undergo multiple addition reactions homogeneously. Depending on their orientations, the *sp*-*sp* bonds of α-graphyne can be classified into three groups: **sites** **I**, **II** and **III**, which are perpendicular to the three arrows in [Figure 4a](#f4){ref-type="fig"}. To study multiple additions, we added four H~2~ molecules to four *sp*-*sp* bonds of a 2 × 2 supercell of α-graphyne using different combinations of the three types of *sp*-*sp* bonds. The addition of H~2~ to two adjacent *sp*-*sp* bonds of α-graphyne can occur in two different ways, yielding the armchair ([Figure 4b](#f4){ref-type="fig"}) and zigzag ([Figure 4c](#f4){ref-type="fig"}) configurations for the hydrogenated carbon chains. The armchair configuration ([Figure 4b](#f4){ref-type="fig"}) was found to be lower in energy than the zigzag one ([Figure 4c](#f4){ref-type="fig"}) by 0.9 kcal·mol^−1^. Consequently, we focused on the armchair configurations when adding four H~2~. We exhausted the armchair products and then calculated their energies after full geometry optimisations ([Supplementary Fig. S5](#s1){ref-type="supplementary-material"}). [Figure 4d](#f4){ref-type="fig"} presents the results. Along the abscissa app:addword:abscissaof [Figure 4d](#f4){ref-type="fig"}, **4S~I~** corresponds to the products in which the four H~2~ were all added to **site I** *sp*-*sp* bonds; **3S~I~--1S~II~** represents the products with three and one H~2~ added to **site I** and **site II**; **2S~II~--2S~III~** denotes the products with the four H~2~ added equally to **site II** and **site III**; and **2S~I~--1S~II~--1S~III~** are the products with two H~2~ added to **site I** and one each added to **site II** and **site III**, respectively. The numbers of symmetrically unique products belonging to the series of **4S~I~**, **3S~I~--1S~II~**, **2S~II~--2S~III~** and **2S~I~--1S~II~--1S~III~** were found to be 1, 3, 7 and 8. This increase in the number of products is consistent with the fact that more types of *sp*-*sp* bonds are reacted in the products along the series. [Figure 4d](#f4){ref-type="fig"} shows that the relative energies of the products also tend to increase along this series. For graphyne, additions involving fewer types of *sp*-*sp* bonds result in greater structural homogeneity. Therefore, these data suggest an interesting result that graphyne prefers a homogeneous mode of multiple addition reactions. This preference is in sharp contrast to that of conventional carbon materials. For example, the lowest-energy product **4S~I~** (corresponding to four H~2~ added to the four horizontal *sp*-*sp* bonds of [Figure 4a](#f4){ref-type="fig"}) has the most homogeneous distribution of hydrogens among all the products. The energy barrier for the addition of H~2~ to the *sp*-*sp* bond of graphdiyne has been estimated to be 48.4 kcal·mol^−1^. Therefore, it is predicted that the hydrogenation of graphdiyne by H~2~ requires a catalytic pathway[@b25]. Considering the similarity of the *sp*-*sp* bonds of graphyne to those of graphdiyne, a similar catalytic pathway is likely necessary for the hydrogenation of graphyne.

We further investigated the mobility of oxygen atoms in oxygenated α-graphyne. The *E*^≠^ for O to migrate from one *sp*-*sp* bond to a neighbouring bond was calculated to be 24.2 kcal·mol^−1^, whereas the *E*^≠^ for O to rotate 180° about the *sp*-*sp* bond was 15.6 kcal·mol^−1^ ([Supplementary Information](#s1){ref-type="supplementary-material"}). These results suggest that thermodynamically unfavourable products such as **3S~I~--1S~II~**, **2S~II~--2S~III~** and **2S~I~--1S~II~--1S~III~** can be readily converted into **4S~I~** via thermal annealing.

Electronic band gap tuning
--------------------------

Owing to the zero band gap of graphene, graphene transistors have small on/off ratios, typically less than ten[@b26]. As a result, graphene transistors are hard to turn off, preventing their application in electronic devices. Chemical addition reactions such as hydrogenation[@b27] and oxidation[@b28] have been proposed to open the band gap of graphene. To open large band gaps by these reactions, dispersive additions following certain patterns are required[@b29][@b30][@b31]. However, because graphene thermodynamically prefers aggregate additions[@b24][@b32], the gap-opening process is difficult to control. Moreover, since this gap opening occurs at the expense of the conversion of the carbons of graphene from *sp*^2^ to *sp*^3^ hybrids, the electron mobility of graphene deteriorates severely after gap opening.

Graphyne also has the gapless problem[@b10][@b11]. Here, we predicted that the band gap opening of graphyne can be achieved via hexagonally asymmetric addition reactions. Due to the homogeneous "in-plane" reactivity of graphyne, such gap opening should be easy to control and free from substantial electron-mobility reduction. [Figures 5a--5e](#f5){ref-type="fig"} show the 2 × 2 hexagonal supercells and electronic band structures of α-graphyne, H-2DCC, F-2DCC, HF-2DCC and O-2DCC (see, respectively, the middle and top panels for each species). The latter four species are derivatives of α-graphyne obtained by full hydrogenation, full fluorination, combined hydrogenation and fluorination and oxygenation of the *sp*-*sp* bonds, respectively. [Figures 5f and 5g](#f5){ref-type="fig"} correspond to O~2/3~-2DCC and O~1/3~-2DCC, which are derivatives of α-graphyne with 2/3 and 1/3 of the *sp*-*sp* bonds oxygenated. All structures were fully relaxed before the band gap calculations were performed.

As shown in [Figure 5](#f5){ref-type="fig"}, H-2DCC, F-2DCC and O-2DCC have electronic band structures similar to those of α-graphyne near the Fermi level: CBM and VBM meet at the K points of the Brillouin zone that are donated as Dirac points, yielding zero band gaps. The Fermi velocities (*v*~F~) and effective masses of holes (*m*~h~\*) and electrons (*m*~e~\*) near the Dirac points along the K-Γ direction were estimated for α-graphyne, H-2DCC, F-2DCC and O-2DCC. As listed in [Table 1](#t1){ref-type="table"}, the Fermi velocities for these species are approximately 6.34 × 10^5^, 5.67 × 10^5^, 4.72 × 10^5^ and 3.27 × 10^5^ m/s, respectively, which are smaller than that of graphene, \~10^6^ m/s[@b33]. The *m*~h~\* and *m*~e~\* of graphyne and graphyne derivatives are larger than those obtained experimentally for graphene[@b5]. Interestingly, the band gaps of HF-2DCC, O~2/3~-2DCC and O~1/3~-2DCC are open, with gap sizes of 0.2, 0.4 and 0.7 eV, respectively. Although the gap is open, the band structure of HF-2DCC resembles that of α-graphyne. Even the band structures of O~2/3~-2DCC and O~1/3~-2DCC have some features in common with that of α-graphyne ([Figure 5](#f5){ref-type="fig"}). These results demonstrate the fascinating characteristics of "in-plane" addition reactions, which tune the band gaps of graphyne while maintaining its main electronic properties. This ability is in agreement with the above finding that "in-plane" addition reactions have little effect on the *p~z~* orbitals and the extended π-electron conjugation system of graphyne.

The band gap openings of HF-2DCC, O~2/3~-2DCC and O~1/3~-2DCC can be understood based on their non-hexagonally symmetric addition patterns. For HF-2DCC, the additions of H and F divide the six corner carbons of α-graphyne\'s 18-MR into two types with different chemical environments: one is C(CH)~3~, *i.e.*, an *sp*^2^ carbon bonded to three CH units, and the other is C(CF)~3~, *i.e.*, an *sp*^2^ carbon bonded to three CF units. By contrast, the chemical environments of the six edges of the 18-MR are identical, with each edge consisting of a C-C(H)-C(F)-C unit linked to two other such units through a shared carbon. Therefore, the symmetry-breaking pattern of HF-2DCC can be represented by the bottom panel of [Figure 5d](#f5){ref-type="fig"}, in which the corners belong to two different types while the six edges are identical. In terms of O~2/3~-2DCC, the six corner carbons of the 18-MR are symmetrically identical, whereas the edges can be classified into two types, with and without oxygen. Therefore, O~2/3~-2DCC has a different symmetry-breaking pattern, as shown in the bottom of [Figure 5f](#f5){ref-type="fig"}. Similarly, one can understand the symmetry-breaking pattern for O~1/3~-2DCC and that the additions in H-2DCC, F-2DCC and O-2DCC do not break the hexagonal symmetry. Therefore, according to [Figure 5](#f5){ref-type="fig"}, the band gap openings of HF-2DCC, O~2/3~-2DCC and O~1/3~-2DCC can be ascribed to their hexagonally asymmetric addition patterns, whereas the band gap closings of H-2DCC, F-2DCC and O-2DCC can be ascribed to the hexagonal symmetry of their addition patterns. A similar symmetry-breaking mechanism for band gap opening also holds for graphene[@b34][@b35] and has been previously used to open graphene\'s band gap.

The band gap evolution of graphyne with respect to the extent of addition reactions is strikingly different from that of graphene. When graphene is fully reacted with chemical addition groups, the resulting products have a wide band gap. For example, the band gap of fully hydrogenated graphene (*i.e.*, graphane) is over 4.0 eV, being electrically insulating[@b36][@b37]. By contrast, a metallic to semiconductive to metallic evolution with respect to the extent of "in-plane" additions was predicted for α-graphyne. [Figures 5a, 5g, 5f and 5d](#f5){ref-type="fig"} show this evolution for graphyne upon oxygenation. Based on the homogeneous, "in-plane" reactivity of graphyne and the hexagonally asymmetric addition patterns required for band gap opening, one can expect that O~1/3~-2DCC ([Figure 5g](#f5){ref-type="fig"}) will have the largest band gap (0.7 eV) among the species derived from α-graphyne by "in-plane" addition of oxygen. It is worth noting that O~1/3~-2DCC is simultaneously the most thermodynamically stable structure among those with 1/3 of the *sp*-*sp* bonds are oxygenated ([Figure 4](#f4){ref-type="fig"} and corresponding discussion). Therefore, one can further expect that such consistency between the size of the band gap and the extent of the thermodynamic stability, which never exists in graphene, will increase the relative feasibility of band gap tuning of graphyne.

Discussion
==========

The above thermodynamic and kinetic data consistently suggest the high regioselectivity of the *sp*-*sp* bonds in graphyne. These bonds undergo homogeneous "in-plane" addition reactions, perfectly maintaining the planarity of graphyne without damaging the extended π-electron conjugation system. Therefore, graphyne can serve as an ideal precursor to produce structurally ordered 2DCCs, whose electronic structures are predicted to be semi-conductive or metallic depending on whether the additions break the hexagonal symmetry. Interestingly, the "in-plane" addition of chemical species with substitutable groups to graphyne, such as CCl~2~ and CH~2~, yields 2DCCs capable of undergoing substitution reactions. Substitution reactions can also be used to adjust the band gap of graphyne according to the same hexagonal-symmetry breaking mechanism while causing little deterioration to the extended π-electron conjugation system. These chemical properties are not shared by conventional *sp*^2^ carbon materials such as graphene. The results suggest that 2DCCs are a conceptually new family of carbon materials with physical properties comparable to those of graphene and chemical properties superior to those of graphene. Therefore, 2DCCs are expected to be better suited for chemical tailoring and practical applications.

Methods
=======

Geometry optimisation and electronic structure calculations were performed with the Vienna Ab-initio Simulation Package (VASP)[@b38]. The generalized gradient approximation (GGA) with the exchange-correlation functional of the Perdew-Burke-Ernzerhof functional (PBE)[@b39] was employed. The ion-electron interaction was described using the projector-augmented wave method[@b40] with a kinetic energy cut-off of 500 eV, and the convergence criterion in the self-consistency process was set to 10^−5^ eV. The vacuum space along the Z direction was 15 Å, which is sufficiently large to prevent interaction between the nearest images. For the geometry optimisations of a unit cell and a 2 × 2 supercell, 7 × 7 × 1 and 3 × 3 × 1 Monkhorst-Pack meshes[@b41] of k points were used, respectively, to sample the first Brillouin zone. All lattice constants and coordinates were fully relaxed until all atomic forces became smaller than 0.01 eV/Å.

The reaction paths for dichlorocarbene additions and isomerisations of O-2DCC were calculated on the basis of a cluster model using the B3LYP hybrid functional with the 6-31G(d) basis set for all atoms, as implemented in the Gaussian 09 package[@b42]. Analytical frequencies were conducted at the same level of theory for all structures in the reaction paths, which confirmed the structures to be minimal or transition states. Because dichlorocarbene addition and O-2DCC isomerisation usually occur in solvents such as dichlorobenzene and toluene, the respective solvent effects were further evaluated via single-point (SP) energy calculations with the polarisable continuum model (PCM)[@b43] using B3LYP/6-31G(d)-optimised geometries. For dichlorocarbene additions, energy profiles considering a biradical character and the effect of a larger basis set were also computed via SP calculations. The results of these SP calculations are presented in [Fig. S1, Table S1 and Table S2](#s1){ref-type="supplementary-material"} of the [Supplementary Information](#s1){ref-type="supplementary-material"}.
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![(a) The deterioration of π-electron conjugation in graphene unavoidably caused by chemical addition reactions. (b) The maintenance of π-electron conjugation in 2DCCs **(I**, **II**, **III**, **IV**) derived from α-graphyne (**A**) via "in-plane" addition reactions. In (a) and (b), the *p~y~* atomic orbitals of *sp*-C are shown, whereas the *p~z~* orbitals of *sp*-C and *sp*^2^-C are not shown for clarity.](srep01271-f1){#f1}

![Thermodynamic selectivity of the oxygenation of β-graphyne.\
(a) Schematic structure of β-graphyne, with the right panel showing bond lengths (in Å), atom types and atomic orbitals for selected carbons. (b), (c), (d) and (e) Top and side views of the products of β-graphyne oxygenation with the relative energies (kcal·mol^−1^). MR in (a) and (b) is the abbreviation for "membered ring". C, green; O, red.](srep01271-f2){#f2}

![Energy profiles for CCl~2~ additions to α-graphyne calculated with the B3LYP/6-31G(d) method.\
The insert panel shows the cluster model of graphyne used in the calculations. Numbers **1** through **4** denote the addition sites; **p1** through **p4** represent the products in which CCl~2~ was added to sites **1** through **4**, respectively. The unit of energy is kcal·mol^−1^. C, green; Cl, brown; H, light blue.](srep01271-f3){#f3}

![Thermodynamic selectivity of multiple hydrogenations of α-graphyne.\
(a) Sites I, II and III represent three groups of *sp*-*sp* bonds perpendicular to the dashed arrow lines. (b) and (c) are two different atomic arrangements for H~2~ additions occurring at neighbouring *sp*-*sp* bonds. (d) Relative energies of the products with four H~2~ molecules added to the different positions of a 2 × 2 supercell of α-graphyne. C, green; H, light blue.](srep01271-f4){#f4}

![Electronic band structures of α-graphyne and 2DCCs.\
(a) α-graphyne, (b) H-2DCC, (c) F-2DCC, (d) HF-2DCC, (e) O-2DCC, (f) O~2/3~-2DCC and (g) O~1/3~-2DCC. In each figure, the top panel shows the electronic band structures calculated by DFT methods, the middle panel shows the 2 × 2 supercell of the structure, and the bottom panel shows the symmetry of the hexagonal lattice. C, green; H, light blue; F, magenta; O, red.](srep01271-f5){#f5}

###### Calculated Fermi velocities (*v*~F~) and effective masses of holes and electrons (*m*~h~\* and *m*~e~\*) near the Dirac points along the K-Γ direction for α-graphyne, H-2DCC, F-2DCC and O-2DCC. The Fermi velocity and effective masses of carriers for graphene are taken from ref. [@b33] and [@b5]

                        graphene      α-graphyne       H-2DCC         F-2DCC         O-2DCC
  ------------------ -------------- -------------- -------------- -------------- --------------
  *v*~F~(m/s)           \~10^6^      6.34 × 10^5^   5.67 × 10^5^   4.72 × 10^5^   3.27 × 10^5^
  *m*~h~\*(*m*~0~)       \~0.06          0.34           0.77           0.93           1.74
  *m*~e~\*(*m*~0~)    \~0.03/\~0.1       0.32           0.77           0.69           1.04
